The operon model for regulation of enzyme synthesis was proposed by Jacob and Monod in 1961.1, 2 The genetic elements of this control system consist of two parts: a locus, i, which directs the synthesis of a repressor, and a locus called the operon which contains the operator gene and associated structural genes. A messenger RNA molecule can be transcribed from the operon, which is believed to contain in one continuous polynucleotide chain the information for making the polypeptides encoded by the different structural genes. It is not known whether the messenger RNA contains a region corresponding to the operator site and, likewise, it is not known whether the repressor stops protein synthesis by interacting with the DNA, the transcribed mRNA, or a hybrid of both. The inhibiting effect of repressor is reversed by inducer which interacts directly with the repressor. Most available genetic and biochemical data favor the idea that repressors are proteins.2 Confirmation of the repressor-operator model awaits a cell-free biochemical system in which the effect of the repressor on peptide synthesis can be directly demonstrated. In this paper such a system is described for the lac operon of Escherichia coli.
Preparation of S-30 extract: The cell-free extract of E. coli used in all syntheses is prepared by a modification of the method of Nirenberg5 described elsewhere. 6 Preparation of DNA: A partially purified bacteriophage preparation was obtained from strain Z by a modification of the procedure of Kaiser and Hogness7 as described elsewhere. 8 The DNA is prepared from the bacteriophage preparation by a minor modification of the procedure of Mandell and Hershey.6 I Incubation conditions for synthesis: All materials which require thawing are warmed to 5°C
in a water bath. The incubation mixture contains per ml: 40 jpmoles tris-acetate, pH 8.0; 4.5 Jtmoles 2-mercaptoethanol; 14.6 jmoles magnesium acetate; 7.3 umoles CaCl2; 0.2 jsmole 19 C12-amino acids; 2.0 umoles ATP; 0.5 umole each of GTP, CTP, UTP; 18 umoles PEP trisodium salt; 50 u~g PEP kinase; 0.1 umole C14-L-leucine; 200 ug ,k801ac DNA; 50 ,umoles potassium acetate; 100 ug tRNA; and 6500 ug protein as 8-30 extract. All ingredients except the extract are mixed together and preincubated for 3 min at 37°C. After adding the S-30 extract, the reaction tubes are incubated at 37°C for 60 min. In experiments where partially purified repressor or IPTG inducer is added, these are mixed with the 8-30 extract and the above procedures are followed. PROC. N. A. S.
-Preparation of a complementation factor: Alpha complenientationi factor was prepared from strain 21F' by a minor modification of the procedure of Ullmann, Jacob, and Monod.4
Assay of incubation mixture after synthesis: Normally, incubation mixtures are assayed for leucine incorporation and 0-galactosidase activity. The turbid incubation mixture should be stirred before taking an aliquot for assay. Assay for C'4-leucine incorporation: This assay is described in reference 6.
Assay for ,B-galactosidase activity: When the source of the S-30 extract is strain M107 or riF, a 0.1-ml sample of the incubation mixture taken after the synthesis step is mixed with equal volume of a complementation factor. This is allowed to stand for 60 min at room temperature during which time complementation takes place leading to j3-galactosidase activity. When the source of the S-30 extract is strain 21F', 0.2-ml samples of the incubation mixture are taken directly after synthesis for the fl-galactosidase assay. In either case, 1. 15 ,000 X g for 20 min. To the supernatant is added 13.6 ml of 10% w/v streptomycin sulfate. After 15 min of stirring, the precipitate is removed by centrifugation at 15,000 X g for 7 min. This is called fraction I.
The pH of the supernatant is adjusted to 7.0 with 0.5 M NH40H, and saturated (NH4)2SO4 at pH 7.4 is added to 35% saturation. After 15 min of stirring, the precipitate is collected by centrifugation at 30,000 X g for 10 min, resuspended in 13.6 ml buffer B, and dialyzed overnight against two 1-liter portions of buffer B. This is called fraction II.
Fraction II is then centrifuged for 90 min at 40,000 rpm in a #50 Spinco rotor, and the supernatant is dialyzed overnight against 1 liter of buffer A. This is called fraction III.
Fraction III is mixed with 0.75 vol of hard-packed DEAE cellulose which has been previously rinsed with buffer A. The mixture is gently shaken for 90 min and then poured into a 1.5-cmdiameter column, packed under 3 psi pressure and eluted with buffer B at a flow rate of 1 ml/min. During the elution, a brown band of protein appears on the column. This band is collected and dialyzed for 4 hr against 1 liter of buffer C and rapidly frozen in 0.5-to 1.0-ml aliquots. This is called fraction IV. Fraction IV is used only once after thawing.
The various fractions were assayed for their ability to bind IPTG by the dialysis equilibrium method as described by Gilbert and Muller-Hill.11 C14-IPTG of specific activity 25 jsc/,umole was used at 1.1 X 10-7 M. Protein concentration was measured by the modified Lowry method.12
Results and Discussion.-Description of an assay system for gene activity: The lac operon of E. coli consists of an operator gene 0, and three structural genes, z for f-galactosidase, y for permease, and a for thiogalactoside transacetylase, adjacent to the operator in that order. Since the 3-galactosidase gene is adjacent to the operator and since both transcription and translation are believed to start near the operator, it was thought that evidence for the synthesis of the operator-proximal portion of the f3-galactosidase polypeptide chain in the cell-free system would be useful as an assay for gene activity. In previous studies10 the a fragment was synthesized in a cell-free system containing a so-called S-30 extract from a lac-strain of E. coli in the presence of 4801ac
DNA and a variety of other components (see Methods). The de novo synthesis of a was detected after formation by adding an equal volume of suitably prepared extract from another strain containing a complementing protein which combines with the a fragment to produce active 3-galactosidase. The amount of enzyme activity was quantitatively estimated by the standard assay procedure of determining the rate of digestion of the substrate ONPG. In most of the present studies it has been convenient to carry out synthesis and complementation in one step. This is accomplished by using an S-30 extract prepared from strain 21F' which carries the a-complementing protein. Under these conditions complementation takes place during the synthetic period. As before, the synthesis is completely dependent upon the presence of intact 4801ac DNA. A typical f3-galactosidase assay of the product of this system is shown in Figure 1 .
The rate of digestion of substrate ONPG is linear for at least 45 hours. In further unpublished observations it has been found that a linear rate continues for over 80 hours, attesting to the stability of the enzyme. If 2 ag/ml of actinomycin D is added or if UTP and CTP are omitted in the synthesis step, no enzyme activity is produced and the peptide synthesis measured by C14-leucine incorporation is reduced by more than 90 per cent. Since both of these factors are known to affect transcription rather specifically,'3 this can be taken as strong evidence that 4801ac DNA is directing the synthesis of a through a messenger RNA intermediate.
It should be emphasized that a has been defined by the genetic complementation test as the operator-proximal segment corresponding to one fifth to one quarter of the entire length of the f3-galactosidase polypeptide chain. Since the entire chain is 1173 amino acids in length, this would make the a fragment somewhere between 200 to 300 amino acids in length. It seems likely that there is considerable polydispersity in the f3-galactosidase polypeptide fragments synthesized in the cell-free system and that only a fraction of these are in the size range that gives effective complementation. The central concern here is that this fraction can be quantita- Gilbert and iThuller-Hill'1 were the first to develop a scheme for the purification of the lac operon repressor. This scheme is based on the hypothesis that repressor binds inducer. At various stages during purification it should be possible to assay for enrichment in repressor by measuring the binding to inducer. Binding measurements were made by the technique of equilibrium dialysis using C14-IPTG. Gilbert and 12iiller-Hill were able to achieve some purification of repressor from a crude extract and to show that this IPTG binding substance was a protein. Our goal was to purify the repressor to a sufficient degree so that small amounts of it could be added to a cell-free system to specifically inhibit ,#-galactosidase synthesis. Partially purified repressor was made from strain riF by a new procedure described in Methods. At various stages in the purification the preparation was characterized according to the method of Gilbert and Muller-Hill (see Table 1 ). When the same isolation method was used with strain M107 lacking repressor, the yields of protein in the various fractions were found to be about the same but no binding of IPTG was observed in the corresponding fractions II-IV. In Figure 2 the ultraviolet absorption spectrum of the purest material, fraction IV, is shown. The maximum is at 278 mA. There is no indication of substance with an absorption maximum of 260 m/A, so that little if any nucleic acid is present.
The absorption spectrum of fraction IV prepared from strains riF and M\1107 is similar in this respect. Table 1 , and hence (R) and 1.4 (RT) can be calculated from the above equations. -Ultraviolet absorption function by interfering with the repressor-operator spectrum of the partially purified complex, should increase a synthesis in the cell-free repressor, fraction IV, prepared from strain r1F in buffer C (see system when repressor is present but should have Methods). no effect on synthesis when repressor is absent.
In these experiments IPTG was used at a final concentration of 10-s M since this concentration has been shown to give full derepression in vivo in mutants that cannot actively concentrate inducer inside the cell.'5 The synthesis of a was studied in standard incubation mixtures described above in which the S-30 extract contained or lacked repressor. The a formed when the S-30 extract was prepared from strain M107 (lacking repressor) was two to three times higher than when the S-30 extract was prepared from strain riF (containing repressor). It seemed likely that the lower yield in the latter case was due to the presence of repressor. To test this, 10-3 M IPTG was added before synthesis and this increased the yield of a in the repressor-containing extract to the higher level.. These results suggest that a synthesis is specifically repressible in the cell-free system and that the repression is largely eliminated in the presence of 10 -M IPTG as it is in vivo."5
In the next series of experiments the effect of adding varying amounts of partially purified repressor to an incubation mixture otherwise lacking repressor was studied.
In these studies S-30 extract from strain 211" was used and ,3-galactosidase activity was measured after the synthesis as already described. These results are presented in Figure 3 . The amount of enzyme activity formed in the absence of both repressor and inducer is assigned the value 100. The repressor extract used was the previously characterized fraction IV prepared either from the repressorcarrying strain riF or the repressor-lacking strain M107. The amount of repressor extract added is expressed as the fraction (fraction IV protein)/(S-30 extract protein). The repressor concentration of fraction IV prepared from strain riF has already been estimated, and from the amount of fraction IV used it can be estimated that at the three concentrations of fraction IV studied, the repressor concentration is 2.6, 5. is 3.7 musM. This gives a repressor/operator ratio at the three levels of repressor studied of 0.7, 1.4, and 2.8. Because of the number of approximations and assumptions that go into the calculation of the repressor concentration, these ratios should only be regarded as a rough estimate.
In Figure 3 it can be seen that the repressor-containing extract causes a pronounced lowering of enzyme formed to about 30 per cent of normal at the highest repressor concentration studied. The effect of adding repressor appears to be approaching an asymptotic limit. The addition of fraction IV from strain M107 which does not contain repressor causes some lowering of enzyme formed. Addition of 10-3 M IPTG is without effect on the latter system but it raises the level of enzyme formed in the system containing repressor so that the amount of enzyme formed in the two systems is the same. In all of the experiments reported the gross peptide synthesis was the same as reported in Figure 1 . It appears that IPTG is completely reversing the effects of the lac operon repressor since the decrease that is not overcome by IPTG is common to fraction IV from both strains riF and M107. It is concluded that repressor, whether normally present in the S-30 extract or added back to an S-30 extract after partial purification, can inhibit the synthesis of the a fragment of f3-galactosidase and this inhibition can be reversed by 10-3 M IPTG, a specific inducer of the lac operon.
Summary. 
